Escherichia coli O157:H7 is the most well-studied serotype of enterohemorrhagic E. coli 20 (EHEC) class of E. coli intestinal pathogens, and is responsible for many outbreaks of serious 21 food-borne illness worldwide each year. Adherence mechanisms are a critical component of its 22 pathogenesis, persistence in natural reservoirs, and environmental contamination. E. coli 23 O157:H7 has a highly effective virulence operon, the Locus of Enterocyte Effacement (LEE), 2 24 and its encoded intimate adherence mechanism is well characterized. However, factors involved 25 in the preceding initial attachment are not well understood. In this study, we propose a 26 mechanism of initial adherence used by E. coli O157:H7 in vitro. We describe a bacterial protein 27 not previously reported to be involved in adherence, Slp, and its interactions with the human host 28 protein polymeric immunoglobulin receptor (pIgR). The human pIgR has previously been shown 29 to act as an adherence receptor for some mucosal pathogens, and is highly expressed in the 30 intestine. Following observation of significant colocalization between E. coli O157:H7 and pIgR 31 location on Caco-2 cells, a co-immunoprecipitation (Co-IP) assay using a human recombinant 32 Fc-tagged pIgR protein led to the identification of this protein. Disruption of Slp expression in E. 33 coli O157:H7, through deletion of its encoding gene slp, produced a significant adherence 34 deficiency to Caco-2 cells at early time points associated with initial adherence. Plasmid 35 complementation of slp fully restored the wild-type phenotype. Furthermore, 36 immunofluorescence microscopy revealed evidence that this interaction is specific to the 37 pathogenic strains of E. coli tested, and not the nonpathogenic strain E. coli K12. Additionally, 38 deletion of slp resulted in the absence of the corresponding protein band in further Co-IP assays, 39 while the plasmid-encoded slp complementation of the deletion mutant strain restored the wild-40 type pattern. These data support the proposal that Slp directly contributes to initial adherence, 41 with the pIgR protein as its proposed receptor. 42 43 Author summary 44 Escherichia coli O157:H7 and other enterohemorrhagic E. coli (EHEC) are responsible for tens 45 of thousands of cases of food-borne illness in the United States each year. E. coli O157:H7 has a 46 particularly effective intimate adherence mechanism. However, the mechanisms of initial 3 47 adherence, which facilitate attachment and virulence prior to the engagement of intimate 48 adherence, are not well understood. In this study, we describe an initial adherence interaction 49 between the E. coli O157:H7 Slp and the human polymeric immunoglobulin receptor (pIgR) 50 expressed by the human colonic epithelial cell line Caco-2. The relationship was first 51 demonstrated as a significant colocalization between the locations of E. coli O157:H7 bacterial 52 cells and pIgR protein using immunofluorescence microscopy. The E. coli O157:H7 Slp protein 53 was identified, and disruption of the slp gene resulted in a severe adherence deficiency to Caco-2 54 cells during initial adherence. This effect was reversed upon complementation of the Δslp strain 55 with a plasmid-encoded slp gene, and the constitutive over-expression of slp resulted in hyper-56 adherence exceeding that of the wild-type E. coli O157:H7. These data support the proposition 57 that Slp directly contributes to initial adherence, with the pIgR protein as its proposed receptor. 58 59 60 It has been estimated that the most common enterohemorrhagic E. coli (EHEC) serotype, 61 E. coli O157:H7, causes more than 70,000 cases of food-borne illnesses in the United States each 62 year, with an additional 35,000 infections caused by non-O157 EHEC serotypes (1). EHEC 63 infections typically result in abdominal cramping, watery or bloody diarrhea, and are also 64 sometimes accompanied by fever, nausea, and vomiting (2). Among these cases, a subset 65 develop a severe complication known as hemolytic uremic syndrome (HUS), which is primarily 66 observed in infected children under the age of five years (3). In the U.S., E. coli O157:H7 67 outbreaks occurring between 1982 and 2002 had highly variable rates of HUS ranging from less 68 than 1% to greater than 15% (4). 4 69 E. coli O157:H7 utilizes a fairly well-characterized set of virulence factors to colonize the 70 human gastrointestinal (GI) tract during infection, including the robust intimate adherence 71 mechanism carried out by factors encoded in the Locus of Enterocyte Effacement (LEE) 72 pathogenicity island (5). The three main factors required for intimate adherence are (i) intimin, 73 (ii) Tir, and (iii) type three secretion system (T3SS); which are the bacterial adhesin, translocated 74 intimin receptor, and secretion apparatus, respectively (6). Upon infiltration of the mucin layer in 75 the colon, the bacteria require an initial attachment in order to stay stably adjacent to the 76 intestinal epithelial cell (IEC) for long enough to have the opportunity to engage its intimate 77 adherence mechanism before being cleared from the digestive tract (7). 78 Several adhesins putatively involved in initial adherence have been reported, though the 79 research has not yet reached a consensus. For example, long polar fimbriae (LPF) have been 80 described as initial adhesins in E. coli O157:H7, but with some conflicting reports. LPF is a 81 fimbrial adhesin with two loci, lpf1 and lpf2, with homologs in Salmonella (8). Recently, LPF 82 has been described in the role of translocation of EHEC across human M cells in in vitro human 83 organ culture simulated conditions, but lpf deletion mutant strains of E. coli O157:H7 did not 84 show any significant effects on adherence to Caco-2 cells after three hours post-infection (9). 85 One study showed that a non-fimbriated E. coli K12 strain expressing the lpf operon 86 demonstrated some increased adherence to MDBK and HeLa cells after six hours of infection, 87 and single deletion mutations in lpf1 or lpf2 showed a modest reduction in adherence under the 88 same conditions (8). However, expression of lpf2 in E. coli K12 was shown to result in reduced 89 adherence to Caco-2 cells, so the exact role of LPF in initial adherence remains unclear (10). The 90 EHEC factor for Adherence (Efa) has also been investigated as an initial adhesin in 91 enteropathogenic (EPEC) strains, and E. coli O157:H7 contains a truncated version of efa (11). 109 Under normal conditions, the human polymeric immunoglobulin receptor (pIgR) system 110 plays a critical role in innate mucosal immunity (17). The human pIgR is a glycoprotein varying 111 in size from 80-120 kDa depending on the level of glycosylation, and primarily functions as a 112 transport for dimeric immunoglobulin A (dIgA) into the intestinal lumen (18). In the lumen, the 113 transported pIgR-dIgA complex is cleaved from the IEC surface and termed secretory IgA 114 (sIgA), where it plays an important role in maintaining the balance between immune function 130 protein Slp (carbon starvation-inducible lipoprotein) and the pIgR, and its role in initial 131 adherence to Caco-2 cells in vitro. Utilizing immunofluorescent microscopy to investigate the 132 possibility, we demonstrated that during initial adherence, E. coli O157:H7 had a significant 133 correlation with its location and the location of pIgR protein on the Caco-2 cell surface. The 134 colocalization of E. coli cells with pIgR protein was statistically significant with E. coli O157:H7 135 (O157:H7-WT), but not with the nonpathogenic E. coli strain K12. Additionally, several other 136 non-O157 pathogenic E. coli strains showed significant colocalization patterns. These 137 observations were further investigated using a commercially available recombinant Fc-tagged 7 138 157 adherence to HeLa cells, LEE1 in E. coli O157:H7 Sakai has been shown to be activated by four 158 hours post-infection (29) (30); while eae expression in an undefined E. coli O157:H7 strain 159 demonstrated upregulation as early as two hours after infection (31). Other studies of EPEC have 160 shown LEE promoter or LEE-encoded gene upregulation between four and six hours in several 528 Mention of trade names or commercial products in this article is solely for the purpose of 529 providing specific information and does not imply recommendation or endorsement by the US 530 Department of Agriculture (USDA). USDA is an equal opportunity provider and employer. 531 532
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Insertion mutations disrupting the expression of efa1 in EHEC showed reduced agglutination 93 with human erythrocytes and autoagglutination with other EHEC cells, in addition to a 94 significant reduction in adherence to Chinese hamster ovary (CHO) cells and a HeLa-derived 95 cell line. However, the coinciding reduction in the secretion of the LEE-encoded effector EspA 96 suggests that this effect may be more involved in intimate adherence than initial attachment (12) 97 (13). Similarly, the effector ToxB found on the E. coli O157:H7 pO157 plasmid shares some 98 sequence homology with Efa and has been shown to contribute to adherence. Its mechanism is 99 likely to be involved with promotion of the LEE-encoded effector proteins EspA, EspB, and Tir 100 and therefore is also unlikely to be involved in initial adherence (14) . Flagella (H antigens) are 101 well characterized for their role in motility, but have also been implicated in adherence in the 102 bovine host. Flagella in E. coli O157:H7 were able to bind bovine intestinal mucus, while H 103 negative mutant strains showed reduced adherence to bovine intestinal tissue explants; though 104 other studies have reported H negative strains as being able to colonize young calves (6) (15). 105 Although flagella have been shown to impact EPEC adherence in vitro, any role in EHEC or 106 with human IECs remains unknown (16) . Many other proteins have been identified as being of 107 interest in the study of adherence, but roles in initial adherence are either unclear, not studied in 108 human cells, or do not have enough data to be conclusive (7). 6 115 and microflora homeostasis (19) (20) . In addition, pIgR lacking dIgA can also be transported. 116 The unbound pIgR is also cleaved and released (free secretory component or SC), which also 117 serves as part of innate immunity (21) (22) . In spite of its importance in immunity, the human 118 pIgR is also known to be hijacked by pathogens and used as a route for adherence and invasion. 119 For example, the human pIgR is known to contribute to the adherence and invasion of 120 Streptococcus pneumoniae, and the invasion and intercellular spread of Epstein-Barr virus during 121 infection (17) (23). Although S. pneumoniae is a Gram-positive pathogen, it is a pathogen that 122 targets mucosal epithelial cells, as does EHEC (24) (25) (26). Additionally, a study in 2007 123 found that pigr expression at six hours post-infection in bovine hosts was upregulated when 124 experimentally infected with E. coli O157:H7 and a non-O157 EHEC strain (1.93 and 3.51 fold-125 change (FC), respectively); but not in response to non-colonizing control strains (27) . Although 126 this effect on gene expression may have been due to the bovine host immune response to EHEC 127 colonization, as a mucosal epithelium colonizing pathogen EHEC also has the potential to use 128 the pIgR during adherence to IECs during infection. 129 In this study, we describe the interaction between the E. coli O157:H7 outer membrane human pIgR protein (pIgR-Fc) in a co-immunoprecipitation (Co-IP) assay, leading to the 139 identification of Slp as the interacting protein involved in the colocalization phenotype observed 140 in the pathogenic strains of E. coli tested. A deletion mutation of E. coli O157:H7 lacking the slp 141 gene (O157:H7-Δslp) resulted in an elimination of the colocalization patterns observed with 142 immunofluorescent microscopy, the absence of the ~20 kDa band corresponding to Slp 143 following Co-IP, and a significant adherence deficiency to Caco-2 cells. Furthermore, the 144 O157:H7-Δslp strain was complemented in trans with the slp gene (O157:H7-p::slp), which 145 restored the wild-type phenotypes seen in colocalization, Co-IP, and adherence to Caco-2 cells in 146 vitro. Taken together, these results support the direct interaction between the E. coli O157:H7 147 Slp and the host pIgR and its contribution to initial adherence. 148 149
Results

150
Initial adherence timeline of E. coli O157:H7 during adherence to Caco-2 cells 151 In order to effectively study the roles of different factors during attachment, a specific 152 timeline was required to define initial adherence in this model. Using the expression of LEE-153 encoded genes as a benchmark for the beginning of the intimate adherence stage of attachment, 154 significant LEE upregulation has been cited as taking place between two and six hours post-155 infection in vitro. When adhered to Caco-2 cells, E. coli O157:H7 Sakai demonstrated increased 156 production of EspA, EspB, and Tir protein production after 4.5 hours post-infection (28). During 8 161 different epithelial cell lines, but the differences in the LEE operon between EPEC and EHEC 162 strains make the relevance to E. coli O157:H7 unclear (32) (5). Following previous work, under 163 the conditions of this study the intimin-encoding eae gene was used as a benchmark for the onset 164 of intimate adherence. Compared to a non-adhered control culture to isolate the gene expression 165 profiles of only initially attached bacterial cells, quantitative PCR (qPCR) was used to calculate 166 FC of eae expression in adhered E. coli O157:H7 bacteria was calculated using the relative 167 expression ratio method for comparative Ct analysis (33) . The expression of eae surpassed the 168 threshold for significance (FC ≥ 2) after four hours and increased thereafter, consistent with 169 previous literature (Fig 1) . Thus, initial adherence in this model was defined as taking place from 170 zero to three hours post-infection, when eae was not significantly upregulated.
172
Colocalization and covariance of pIgR with E. coli 173 To investigate the possibility of a pIgR adherence mechanism in E. coli O157:H7 initial 174 adherence, immunofluorescence was used to assess colocalization between the location of pIgR 175 protein and locations of adhered E. coli bacteria and quantify any correlation using covariance 176 analysis ( Fig 2) . The covariance, shown as R, attested that there was no significant correlation 177 between the locations of E. coli K12 bacteria and the pIgR protein; while O157:H7-WT did 178 exhibit a significant correlation ( Fig 2B-C) . This relationship is further detailed when observed 179 over time, where O157:H7-WT showed an initial peak of covariance (R > 0.7) at one hour post-180 infection, and decreased over two and three hours (R > 0.5 and 0.4, respectively). This pattern of 181 early peak followed by steady decrease was consistent with the predicted pattern of an adhesin 182 active during initial adherence, as its activity would be less necessary as the intimate adherence 183 factors assumed adherence function at later timepoints. No such pattern was observed in E. coli K12. Several other extra-intestinal (ExPEC) pathogenic strains of E. coli were also tested and 185 showed significant covariance at two hours post-infection, indicating the possibility that an 186 adherence mechanism is not limited to only E. coli O157:H7 (Fig 2A-B ).
188
Protein-protein interactions between E. coli O157:H7 and the pIgR 189 To demonstrate a direct protein-protein interaction between E. coli O157:H7 and the 190 pIgR, a co-immunoprecipitation (Co-IP) assay was done using a C-terminal Fc tagged human 191 recombinant pIgR protein (pIgR-Fc) and O157:H7-WT proteins (whole-cell lysate was used to 192 avoid the accidental exclusion of any proteins). Recovered proteins were run in a reducing SDS-193 PAGE gel (Fig 3) , and bands of interest were later identified through LC MS/MS analysis (Table   194 1). bovine intestinal tissue explants (6). However, purified H7 protein did not show any ability to bind to HeLa cells when other purified H proteins were able to bind in the same conditions (39). 265 Here, using human colonic epithelial cells, we demonstrated a novel EHEC initial adherence 266 mechanism in vitro, involving the E. coli O157:H7 outer membrane protein Slp and the human 267 pIgR protein. 268 The role of the pIgR in pathogenesis is a known mechanism for other pathogens, but it Additionally, there is no evidence to suggest that the 284 pIgR has any mechanism of location specificity, and inflammatory signals only affect the rate at 285 which pIgR reaches the membrane without any effect on its location (19) (44) (45).
In this study, we hypothesized that the pIgR may be involved in EHEC adherence, and 287 determined the bacterial protein binding to the human pIgR protein using a Co-IP assay. The Co-288 IP produced a distinct band of approximately 20 kDa that was significantly more concentrated 289 when E. coli O157:H7 proteins were incubated with pIgR-Fc than with E. coli O157:H7 proteins Slp's function in membrane stabilization (53). There has also been evidence of increased slp 319 gene expression during biofilm formation, though the significance of these findings is unclear 320 (54). It is notable that Slp contributes to initial adherence and is involved in acid stress response 321 and resistance, because pH is a potent signaling factor in E. coli O157:H7, and resistance to acid 322 stress is a major component of E. coli O157:H7 virulence (55). Acid stress resistance in E. coli 323 O157:H7 is crucial to survival in the low pH environment of the stomach, and the most 324 significant AR mechanism used is the glutamate-decarboxylase (Gad) system, which is also 325 found in the AFI (49). The regulation of adherence and virulence genes affected by pH is 326 notoriously complex and not well understood; particularly with the Gad system (56). However, it 327 has been shown that low pH results in a gene expression profile fit for initial adherence (55 mechanism might be more widespread than previously known.
Materials and Methods
377
Bacterial and mammalian growth and culture 378 All bacterial strains and plasmids are described in Table 2 . Immunofluorescent microscopy 393 Mammalian cells were grown as described, rinsed once with sterile phosphate buffered saline 394 (PBS) and fresh media applied 2 to 4 hours prior to infection. Bacterial strains were inoculated at 395 an MOI of 20, allowed to equilibrate to 37°C for five minutes, and incubated for 0 to 6 hours. 396 After incubation, cell culture media was removed, and cells were washed gently (by tilting and 397 swirling) with sterile PBS three times to remove unadhered bacteria. After infection, samples 398 were fixed using 10% neutral buffered formalin (Azer Scientific) for ten minutes at room 399 temperature and rinsed with PBS three times. Fluorescent stains were applied as listed below, 400 with two PBS rinses in between each stain; slides were stored in glycerol-based mounting media 401 and away from light. The pIgR protein was stained using an unconjugated PIGR rabbit IgG Table 3 . Table 3 . Primer sequences used in this study.
Relative expression was calculated using the relative expression ratio where efficiency (E) was 465 calculated using the slope of a standard curve of ten-fold serial dilutions of DNA template, and 466 fold-change (FC) was calculated using the relative expression ratio as described by Pfaffl (33) . (33) . A fold-change ≥ 2 was considered significant.
Gene deletion and complementation
473 E. coli O157:H7 was used to make a genomic deletion lacking slp using the lambda Red 474 recombinase system described by Datsenko and Wanner (66). Bacterial strains hosting plasmids 475 were grown with antibiotics according to their respective resistance genes, and plasmids were 476 purified using the Plasmid Midi Kit (Qiagen). PCR, using the mutation primers listed in Table 3 
